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INTRODUCTION
Adjuvant chemotherapy represents an integral part in the care of breast cancer patients. It has been shown that it significantly reduces the risk of recurrence and the risk of death from breast cancer [1] . Adjuvant chemotherapy in breast cancer has passed through six main eras; the cyclophosphamide, methotrexate, fluorouracil (CMF)-era, anthracyclines-era, taxanes-era, dose-dense era, combination with targeted therapy era, and recently the individualized use of chemotherapy based on genetic testing. This article focuses on the taxanes-era; discussing the large randomized trials (which included more than 1000 patients) [ Table 1] and meta-analyses, to provide a well-organized and appealing summary. The primary endpoints of taxanes trials differed, overall survival (OS) is being the primary endpoint in some while disease free survival (DFS) in others. We start by discussing OS trials followed by DFS, as OS is considered the most valuable outcome in adjuvant cancer trials.
RANDOMIZED TRIALS SHOWED SIGNIFICANT OS BENEFIT FROM ADDING TAXANES
Four large randomized controlled trials showed statistical significant OS benefit from adding taxanes to anthracycles in the adjuvant settings of early-stage breast cancer. Those trials are discussed below.
CALGB-B 9344 trial
This landmark trial was conducted by the Cancer and Leukemia Group B (CALGB) from USA and published in 2003. It randomized 3121 breast cancer patients with positive axillary lymph nodes (LNs) after surgery to receive 4 cycles of doxorubicin-cyclophosphamide (AC) regimen followed by either 4 cycles of paclitaxel (175 mg/m 2 ) vs. placebo. Adding paclitaxel to AC resulted in 5-year DFS of 70% compared to 65% in AC only arm, furthermore it resulted in 5-year OS of 80% vs. 77% in AC only arm [2] . It concluded that escalating the doxorubicin dose did not add a significant benefit, but adding paclitaxel resulted in a 
BCIRG-001 trial
The Breast Cancer International Research Group (BCIRG) trial was published in 2005. BCIRG-001 compared 6 cycles of doxorubicin-cyclophosphamide-5-fluorouracil (5FU) regimen (FAC) vs. 6 cycles of docetaxel-doxorubicin-cyclophosphamide (TAC) regimen in 1480 breast cancer patients with positive LNs after surgery. Ninety-one percent of the patients completed the full TAC course despite the fact that there was no routine use of granulocyte-colony stimulating factor (G-CSF) primary prophylaxis. It reported 5-year OS of 87% in the TAC arm compared to 81% in the FAC arm (P = 0.008), and 5-year DFS of 75% in the TAC arm compared to 68% in the FAC arm (P = 0.001). Also, there were 25% of patients in the TAC arm developed neutropenia with fever (NF) vs. 2% in the FAC arm [3] .
It examined the concurrent use of taxanes-anthracyclines rather than sequential administration which was the case in both the NSABP and CALGB trials. Docetaxel, the second member in taxanes family was used unlike the CALGB and NSABP trial, which is going to be discussed later.
An update of the BCIRG-001 trial was published in 2013, and showed a maintained DFS and OS advantage, after 10-year of follow-up, in favor of the TAC arm. Ten-year OS was 76% vs. 69% in the TAC and FAC arm (P = 0.002), respectively. In subgroup analysis, TAC improved DFS relative to FAC irrespective of the nodal, hormone receptor, and HER2 status. Grade 3-4 heart failure occurred in 3% in the TAC arm vs. 2% in the FAC arm, and it caused death in 2 patients in the TAC arm and 4 patients in the FAC arm [4] . . It is noteworthy that G-CSF primary prophylaxis was not allowed in this trial and grade 3-4 neutropenia was 11.2% in the FEC-D vs. 8.4% (P = 0.03). Also, cardiac toxicity was less in the FEC-D arm when compared to the FEC arm (P = 0.03). Patients with 1-3 positive nodes as well as patients aged 50 years or more had better DFS in subgroup analyses [5] .
PACS-01 trial

WSG-AGO trial
WSG-AGO Trial was published in 2014 from Germany where it randomized 2011 eligible patients to receive either adjuvant 6 cycles FEC regimen (or oral-cyclophosphamide-epirubicin-5FU, which is also known as the oral-CMF, which was received in 9 % of this arm) vs. 4 cycles of adjuvant EC followed by 4 cycles docetaxel 100 mg/m 2 (EC-D arm). It included only patients with 1-3 positive level I/II axillary LNs (pN1) disease, and the results showed that 5-year event-free survival (EFS) was 87.3% in the FEC/ CMF arm compared to 89.8% in the EC-D arm (P = 0.038), and 5-year OS was 92.8% in the FEC/CMF arm compared to 94.5% in the EC-D arm (P = 0.034). Primary G-CSF prophylaxis was allowed, and NF occurred in 3.7% in the EC-D arm vs. 2.1% in the FEC/CMF arm. It was noted that patients with estrogen receptor (ER) positive tumors plus Ki-67 ≥ 20% had the most benefit from adding taxanes in subgroup analyses [6] .
RANDOMIZED TRIALS SHOWED ONLY SIGNIFICANT DFS BENEFIT FROM ADDING TAXANES
NSABP-B28 trial
The National Surgical Adjuvant Breast and Bowel Project (NSABP-B28) trial, which was published in 2005, is one of the landmark adjuvant taxanes' trials. It included 3060 patients with early breast cancer and positive axillary (LNs), then the eligible patients were randomized to receive either 4 cycles AC (AC arm) or 4 cycles AC followed by 4 cycles paclitaxel (AC-T arm). This trial was characterized by using a higher dose of paclitaxel which is 225 mg/m 2 without primary G-CSF prophylaxis. There was a DFS benefit in the AC-T arm compared to the AC arm, where 5-year DFS was 76% in the AC-T arm compared to 72% in the AC arm (P = 0.007). There was no significant OS benefit from adding taxanes to anthracycline according to NSABP-B28 trial. It is noted that only 75% of the patients in the AC-T arm completed the full AC-T course, and this could be the reason for the absence of OS benefit. It is important to remember that there were 7 deaths which could be attributed to chemotherapy in the AC-T arm. However, it was recorded that only 3% of the patients in the AC-T arm developed febrile neutropenia, and 18% had grade III neurotoxicity in the same arm [7] .
GEICAM-9906 trial
The Spanish Breast Cancer Research Group published its special trial GEICAM-9906 in 2008, and it used weekly paclitaxel regimen, however it used only 8 weeks of paclitaxel instead of 12 weeks. It randomized 1246 node positive patients to two arms; the first one received 6 cycles adjuvant FEC and the second arm received 3 cycles adjuvant FEC followed by 8 cycles of weekly paclitaxel 100 mg/m 2 (FEC-P). There was a statistically significant difference in DFS from adding weekly paclitaxel to FEC when compared to adjuvant FEC alone, as 5-year DFS was 78.5% in FEC-P compared to 72.1% (P = 0.006). But, this benefit was accompanied by increase in NF of 9.5% vs. 5.1%. DFS benefit depended on the number of positive LNs and tumor size, also it was better with HER2 negative patients and patients with ER negative tumors based on subgroup analyses of this trial [8] .
GEICAM-9805 trial
Another Spanish trial (GEICAM-9805) was published in 2010 which investigated the benefit of adding adjuvant taxanes in node-negative breast cancer patients, and its arms were identical to the BCIRG-001 arms. But, unlike the BCIRG trial it allowed primary G-CSF prophylaxis in its TAC arm which greatly declined the rate of NF in contrast to the BCIRG study where the NF risk was high. Interestingly, it showed a significant DFS benefit in node-negative patients. In this study, 1060 node-negative patients were randomized to receive 6 cycles adjuvant FAC vs. 6 cycles adjuvant TAC. The results showed that the 5-year DFS was 90.1% in TAC arm compared to 85.3% in the FAC arm (P = 0.03). NF occurred in 9.6% with TAC vs. 2.3% in the FAC arm (P ≤ 0.001). It is important to note that the overall grade 3-4 toxicity from TAC was significantly higher than those with FAC (28.2% vs. 17%; P < 0.001) [9] .
RANDOMIZED TRIALS WHICH DID NOT SHOW BENEFIT FROM ADDING TAXANES
Intergroup trial E-2197
One of the negative taxanes' trials is the North American Breast Cancer Intergroup Trial (E 2197) that was published in 2008 and compared 4 cycles adjuvant AC to 4 cycles adjuvant concurrent doxorubicindocetaxel (60 mg/m 2 ) AT-arm. It included 2882 high-risk negative nodes breast cancer patients and those with 1-3 positive nodes. Also, primary G-CSF prophylaxis was not allowed in this trial. The results showed that 5-year DFS was 85% in both arms of the study (P = 0.78), however in subgroup analyses there was a trend of better DFS in patients with ER/progesterone receptor (PR) negative (P = 0.02) and those with ER positive/PR negative (P < 0.01). Grade 3 neutropenia was 26% in AT arm vs. 10% in AC arm (P < 0.05).
There are some explanations why this trial was negative; one of those possible reasons is that the negative nodes patients constituted 66% of the study population. Secondly, the lower dose of docetaxel which was 60 mg/m 2 . Lastly, the short overall taxanes course as it was only 4 cycles of AT [10] .
TACT trial
The UK-TACT trial, published in 2009, is another example of negative taxanes' trials which did not show a statistically significant benefit of adding taxanes to anthracyclines in adjuvant treatment of breast cancer, and there are two possible explanations for this negative result. The first one is that it included both node positive and node negative patients whereas the most of positive taxanes trials included only patients with positive LNs. The second reason is that the control arm received a long course which is 8 cycles of either FEC regimen or 4 cycles FEC followed by another 4 cycles of CMF, in contrast to both the NSABP and BCIRG trials in which the control arm received only 4 cycles of AC and 6 cycles of FAC respectively [11] .
Another negative trial was MA-21 trial from Canada, which also included node negative patients and the control arm was the oral CEF regimen. Besides the fact that it was comparing CEF to a dose-dense taxane containing regimen [12] .
META-ANALYSES
There are three meta-analyses that demonstrated benefit from adding taxanes to anthracyclines in the adjuvant settings of breast cancer. All these meta-analyses confirmed that adding taxanes significantly increases OS compared to anthracylclines-only adjuvant regimens.
The first meta-analysis was from Cochrane data base in 2007 [13] , and it included about 21,000 patients from 12 trials with a median follow-up of 60.4 months. It showed that the hazards ratio (HR) of OS was 0.81 favoring the addition of taxanes (P < 0.00001). The HR for DFS was also 0.81 favoring the addition of taxanes (P < 0.00001). However, it did not show which patients' subgroup demonstrated more benefit from adding taxanes. Table 2 summarizes the results.
The second meta-analysis came from Italy and was published in 2008 [14] . It included 22,900 patients from 13 trials and it showed a significant DFS and OS benefit from adding taxanes to anthracycline in the adjuvant therapy for breast cancer. The absolute 5-year DFS difference was 5% between taxanes and non-taxanes adjuvant regimens, and 5-year OS difference was 3%. What is important in this meta-analysis is that it found that adding taxanes did not result in benefit for patients with ER positive and those with ≥ 4 positive LNs. It also concluded that sequential administration of adjuvant taxanes-anthracyclines is better than concurrent administration of both agents.
The last and the largest meta-analysis was conducted by the Early Breast Cancer Trialists' Collaborative Group (EBCTCG) [15] and published in 2012. It collected data of 100,000 patients from 123 trials and showed that adding taxanes resulted in a small but significant OS benefit compared to non-taxanes regimens. It showed also that all subgroups of patients had the benefit from adding taxanes. The results are shown in Table 3 .
CONCLUSION AND RECOMMENDATIONS
Several randomized clinical trials were conducted to investigate the role of adding taxanes to anthracyclines. Some of these trials established both OS and DFS, whereas other trials did not show any advantage from adding taxanes. Subsequent meta-analyses confirmed the clinical benefit from adding taxanes to anthracyclines in the adjuvant breast cancer chemotherapy protocols.
There are four trials which showed a statistical significant OS advantage from adding taxanes: BCIRG-001 trial, CALGAB-9344 trial, PACS-01 trial, and AGO trial. The highest OS benefit was reported in the BCIRG-001 trial of 6% at 5 years. BCIRG-001 trial compared adjuvant TAC vs. FAC regimens in node positive early breast cancer patients, with subgroup analysis of patients with 1-3 positive nodes showing the largest OS benefit from adding taxanes. However, the incidence of NF was 25% in the TAC arm which is considered a limitation against its use. Nonetheless, G-CSF prophylaxis was not allowed in this trial and likely contributed to the high incidence of NF. Therefore, it is reasonable to prescribe G-CSF whenever TAC is considered for adjuvant chemotherapy in breast cancer to minimize NF risk.
Other regimens which were associated with significant OS benefit are 4 cycles of andriamycincyclophosphamide followed by 4 cycles of paclitaxel (AC-P) regimen in CALGAB-9344 trial, 3 cycles of 5FU-epirubicin-cyclophosphamide followed by 3 cycles docetaxel (FEC-D) regimen in PACS-01 trial, and 4 cycles of epirubicin-cyclophosphamide followed by 4 cycles docetaxel (EC-D) regimen in AGO trial.
Subgroup analyses of each trial demonstrated the following; AC-P regimen was more beneficial to patients with ER negative tumors, whereas the EC-D regimen gave better results for ER positive patients. The FEC-D regimen was better for patients with 1-3 positive LNs and those who aged 50 years or more.
Three randomized trials reported significant DFS with adding taxanes to anthracyclines in the adjuvant settings of breast cancer. These trials are NSABP-B28, GEICAM-9906 and GEICAM-9805. It is noteworthy that most of the taxanes trials were conducted on patient with node-positive disease, whereas 3 trials showed negative results in node-negative patients: UK-TACK trial, MA-21 trial, and E-2197 trial. However, TAC regimen resulted in a significant DFS advantage for node-negative patients in GEICAM-9805 trial. Therefore, TAC regimen might be considered for node-negative breast cancer patient. Another important advantage of TAC regimen over AC-P regimen is that the short overall duration which is only 6 cycles of chemotherapy, whereas AC-P is a total 8 cycles. Moreover, The AC-P regimen which was used in NSABP-B28 trial did not result in a significant OS benefit because of the high dose of Paclitaxel that lead to 25% of patient did not complete the chemotherapy course.
There were 3 meta-analyses which investigated the role of adding taxanes to anthracyclines in the adjuvant setting of breast cancer, and all reported a significant OS benefit from adding taxanes. EBCTCG meta-analysis, which is the largest meta-analysis in this area, showed that all patient subgroups had a significant improvement of OS from adding taxanes. The Italian meta-analysis showed that adding taxanes was not beneficial to ER-positive patients and those with 4 or more positive axillary LN metastases. Nonetheless, Cochrane database meta-analysis did not report which patient subgroup had the greatest OS benefit from adding taxanes.
The positive impact of adding taxanes to anthracyclines in treating breast cancer can be explained by the different mechanisms of action at both the cellular and molecular levels. Such combination helps to overcome drug resistance of both agents if used separately. Anthracyclines works by intercalating into DNA, disrupting topoisomerase-II-mediated DNA repair and generating free radicals which trigger apoptotic pathways of cell death [16] . Whereas, taxanes works by binding to microtubules, preferentially to b-tubulin, and stimulate phosphorylation of b-tubulin which leads to stabilization of microtubules by the prevention of depolymerization. The stabilized microtubules interfere with mitotic spindle formation during the cell division and leads to cell death.
The genes that are involved in the action of doxorubicin at the cellular level are those capable of the oxidation reaction (NADH dehydrogenases, nitric oxide synthases, xanthine oxidase) and those capable of deactivating the free radicals such as glutathione peroxidase, catalase, and superoxide dismutase. Also, genes which are involved in the topoisomerase-II pathway of Doxorubicin action include the enzymes involved in the DNA repair and cell cycle control such as TOP2A, MLH1, MSH2, TP53, and ERCC2 genes. Whereas, the main genes involved in the action of Paclitaxel are the b-tubulin and c-erb 2. However, both anthracyclines-taxanes share a common mechanism of drug resistance which may explain the failure of this combination in the adjuvant setting of breast cancer. Multidrug resistance-1/P-glycoprotein overexpression and the breast cancer resistance protein are responsible for resistance to both drug categories.
Better understanding of drug resistance may help to optimize such combination.
